We used a combined proteomic and functional biochemical approach to determine the overall impact of 17␤-estradiol (E 2 ) on mitochondrial protein expression and function. To elucidate mitochondrial pathways activated by E 2 in brain, two-dimensional (2D) gel electrophoresis was conducted to screen the mitoproteome. Ovariectomized adult female rats were treated with a single injection of E 2 . After 24 h of E 2 exposure, mitochondria were purified from brain and 2D analysis and liquid chromatography-tandem mass spectrometry protein identification were conducted. Results of proteomic analyses indicated that of the 499 protein spots detected by image analysis, a total of 66 protein spots had a twofold or greater change in expression. Of these, 28 proteins were increased in expression after E 2 treatment whereas 38 proteins were decreased in expression relative to control. E 2 regulated key metabolic enzymes including pyruvate dehydrogenase, aconitase, and ATP-synthase. To confirm that E 2 -inducible changes in protein expression translated into functional consequences, we determined the impact of E 2 on the enzymatic activity of the mitochondrial electron transport chain. In vivo, E 2 treatment enhanced brain mitochondrial efficiency as evidenced by increased respiratory control ratio, elevated cytochrome-c oxidase activity and expression while simultaneously reducing free radical generation in brain. Results of these analyses provide insights into E 2 mechanisms of regulating brain mitochondria, which have the potential for sustaining neurological health and prevention of neurodegenerative diseases associated with mitochondrial dysfunction such as Alzheimer's disease.
Introduction
Basic science analyses indicate that estrogens induce protection of neurons against neurodegenerative insults both in vitro and in vivo (Brinton, 2005) . Moreover, estrogen in the same model systems activated biochemical, genomic, cellular, and behavioral mechanisms of memory (Singh et al., 1994; Simpkins et al., 1997; Woolley, 1999; Toran-Allerand, 2000; Brinton, 2001; McEwen, 2002; Brinton, 2004 ). Estrogen's neuroprotective effects are multifaceted, encompassing chemical, biochemical, and genomic mechanisms and falling into three mechanistic categories: antioxidant, defense, and viability (Nilsen and Brinton, 2004; Morrison et al., 2006 ). Our findings demonstrate that a protein/protein interaction between estrogen receptor and the regulatory subunit p85 activates the phosphoinositide kinase-3 (PI3K) signaling cascade, simultaneously activating both the Akt and extracellular signal-regulated kinase (ERK) pathways which ultimately converge on mitochondria (Mannella and Brinton, 2006) . Activation of this complex signaling cascade results in a proactive defense state conferring significant protection against Ca 2ϩ dysregulation induced by neurodegenerative insults, leading to greater survival of E 2 responsive neurons (Nilsen and Brinton, 2003; Brewer et al., 2006; Chen et al., 2006) . E 2 regulation of mitochondrial function is a pivotal convergence point on which estrogen neuroprotection depends.
Results of basic science, clinical, and epidemiological analyses demonstrate that E 2 protects against age-related risk factors for developing Alzheimer's disease (AD) (Brinton, 2005) . More recently, E 2 has been found to regulate metabolic functions sustaining the energetic demands of neuronal activation (Bishop and Simpkins, 1995; Yang et al., 2004; Nilsen et al., 2006; Singh et al., 2006; Simpkins and Dykens, 2007) . Mitochondria are the primary energy source for cells, converting nutrients into energy through cellular respiration via the electron transport chain (Murphy et al., 1996; Cadenas and Davies, 2000; Nicholls and Budd, 2000) . In parallel, mitochondria are also the key regulators of the intrinsic apoptotic cascade (Lin and Beal, 2006) . Many components of the mitochondrial bioenergetic network are vulnerable to oxidative stress, which can impair mitochondrial and cellular function as well as increasing apoptotic vulnerability (Nicholls and Budd, 2000; Lin and Beal, 2006) .
Based on these findings and because mitochondria appear to be a convergence point for mechanisms underlying estrogeninduced neuroprotection (Nilsen and Brinton, 2003; Nilsen and Brinton, 2004; Nilsen et al., 2006) , we sought to determine mech-anisms whereby E 2 promotes mitochondrial function. To address this issue, we conducted a proteomic analysis of brain-derived mitochondria from female rats treated with E 2 . Mitochondria, by some estimates, contain up to 1500 proteins (Lopez et al., 2000) , a number that is amenable to examination by two-dimensional gel electrophoresis (2DE) coupled with liquid chromatographytandem mass spectrometry (LC-MS/MS) protein identification. In this study, 2D gel electrophoresis was used to investigate the influence of E 2 on the mitoproteome profile in brain tissue.
The results of the current investigation reveal that E 2 significantly regulates the mitoproteome to promote enhanced function of metabolic pathways: pyruvate oxidation, the tricarboxylic acid (TCA) cycle, and mitochondrial respiration. To our knowledge, this is the first documentation of proteomic profiling of brain mitochondria after E 2 treatment in vivo.
Materials and Methods
Chemicals. Chemicals were from Sigma (St. Louis, MO) unless otherwise noted. 17␤-estradiol (Steraloids, Newport, RI) was suspended in sesame oil vehicle. Deep Purple gel stain was from GE Healthcare Bio-Sciences (Piscataway, NJ). All other 2DE reagents were from Bio-Rad (Hercules, CA).
Animals. Use of animals was approved by the Institutional Animal Care and Use Committee of University of Southern California (protocol number 10256). Four to 6 month ovariectomized female Sprague Dawley rats were purchased from Harlan (Indianapolis, IN) and housed under controlled conditions of temperature (22°C), humidity, and light (14/10 h light/dark cycle); water and food were available ad libitum until treatment. Pathogen-free rats were used 2 weeks after ovariectomy to allow for equilibration to hormone deprivation. Ovariectomized rats were treated subcutaneously with E 2 (30 g/kg) or sesame-oil vehicle control, and fasted 24 h before killing and dissection. The cerebellum, pineal gland, and brainstem were removed and forebrain was used for mitochondrial isolations. At time of killing, uteri were removed and weighed to confirm biological efficacy of E 2 -treatment. Previous studies demonstrated that E 2 plasma and brain levels after a 30 g/kg dose produced levels in ovariectomized rats of 42 pg/g brain tissue (wet weight) E 2 in brain tissue and 44 pg/ml E 2 in serum (Wang et al., 2006) .
Mitochondrial isolation. Nonsynaptosomal mitochondria were isolated in ice-cold mitochondria isolation buffer [MIB; pH 7.4, containing 320 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl, Protease Inhibitor Cocktail Set I (Calbiochem, La Jolla, CA; containing 500 M AEBSF-HCl, 150 nM aprotonin, 1 M E-64, 500 M EDTA disodium, and 1 M leupeptin hemisulfate), and Phosphatase Inhibitor Cocktail Set I (containing (Ϫ)-p-bromotetramisoleoxalate 2.5 mM, cantharidin 500 M, and microcystin LR 500 nM)] by discontinuous density gradient centrifugation consisting of 15, 23, and 40% percoll colloidal silica particles of 15-30 nm coated with polyvinylpyrrolidone (Sigma) as described previously (Schroeter et al., 2003) . Briefly, one rat forebrain was homogenized into 5 ml MIB using a Dounce homogenizer. The homogenized brain was centrifuged at 1500 ϫ g for 5 min. BSA was not added to the MIB to avoid spot interference with 2D gel and protein identification. The supernatant was collected and the pellet resuspended, rehomogenized in 2.5 ml MIB, and centrifuged at 1500 ϫ g for 5 min. The supernatants were collected and combined and the pellet discarded. The resulting cytosolic homogenate was centrifuged at 21,000 ϫ g for 10 min to yield the crude mitochondrial pellet. The crude pellet was resuspended in 15% Percoll and centrifuged at 21,000 ϫ g for 10 min to remove excess myelin. The remaining crude mitochondria, in 15% Percoll, were layered onto a preformed 23/40% discontinuous Percoll gradient and centrifuged at 31,000 ϫ g for 10 min. The purified mitochondria were extracted from the gradient and washed with 10 ml MIB at 16,700 ϫ g for 13 min. The remaining loose pellet was collected and washed once more with 1 ml MIB in an Eppendorf tube at 10,000 ϫ g for 8 min. The purified mitochondrial pellet was then stored at Ϫ80°until use.
Mitochondrial purity assessment. During the mitochondrial purification process, aliquots were collected of crude homogenate, crude mitochondria, and highly purified mitochondria after density gradient centrifugation. Protein concentration was determined by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Western blot analysis for several subcellular markers was performed to verify mitochondrial integrity and purity. Proteins were separated by 10% SDS-PAGE, electrotransferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA), and probed with primary antibody followed by horseradish peroxidaseconjugated with either horse anti-mouse (1:20,000; Vector Laboratories, Burlingame, CA) or goat anti-rabbit IgG (1:20,000; Vector Laboratories) depending on the primary antibody. Bands were visualized by 3,3Ј,5,5Ј-tetramethylbenzidine peroxidase substrate kit (Vector Laboratories). Twenty micrograms of protein were loaded into each lane. Equal loading was confirmed by Coomassie Blue staining (data not shown). Antibodies raised against subcellular markers were used to detect mitochondrial anti-Vdac1/porin (1:500; MitoSciences, Eugene, OR), nuclear antihistone H1 (1:250; AE-4; Santa Cruz Biotechnology, Santa Cruz, CA), endoplasmic reticulum anti-calnexin (1:2000; SPA 865; Assay Designs, Ann Arbor, MI), and myelin basic protein (1:500; clone 2; RDI, Concord, MA). Each membrane was stripped with stripping buffer containing ␤-mercaptoethanol and reprobed with each antibody sequentially.
Two-dimensional gel electrophoresis. Four-hundred micrograms of protein from purified mitochondria were solubilized for 30 min with Bio-Rad ReadyPrep 2D rehydration/sample buffer (7 M urea, 2 M thiourea, 1% ASB-14, 40 mM Tris) and 2% Bio-Rad IPG buffer, pH 3-10. Bio-Rad 17 cm ReadyStrip pH 3-10NL IPG strips were used to separate proteins according to charge. Solubilized mitochondrial proteins were adsorbed into the gel strip overnight and were then focused according to their isoelectric point with the Bio-Rad Protean IEF System. The program used was the following: 250 V rapid voltage ramping for 30 min, 10,000 V slow voltage ramping for 60 min, and 10,000 V rapid voltage ramping for 50 kV hours. The strips were incubated first in Equilibration buffer I with 6 M urea, 20% glycerol, 2% SDS, 2% DTT, and 0.375 M Tris, pH 8.8, for 10 min at room temperature, then in Equilibration buffer II with 6 M urea, 20% glycerol, 2% SDS, 2% iodoacetamide, and 0.375 M Tris, pH 8.8. The strips were then loaded onto 12% SDS-PAGE gels and run at 50 V overnight to complete the second dimension of protein separation. ReadyPrep Overlay Agarose was added on top of the strip to secure it and included Bromophenol blue tracking dye. A molecular standard was used to estimate relative mass (M r ). Gels were fixed with 7.5% acetic acid, 10% methanol solution, washed with 200 mM sodium carbonate, then stained overnight with Deep Purple 1:200 diluted from stock as stated in manufacturers protocol. Gels were destained in 7.5% acetic acid, rinsed with water, and fluorescence scanned with the Typhoon 8600 system (Molecular Dynamics, Sunnyvale, CA). Gel image analyses were performed with PD Quest software (Bio-Rad).
Protein identification by mass spectrometry. Protein spots were excised and tryptic digests were analyzed in the University of Southern California Proteomics Core Facility by LC-MS/MS as described previously (Gallaher et al., 2006) . Briefly, protein spots from 2D gel were visualized with UV light, excised from the gels, and destained with 50% acetonitrile in 50 mM ammonium carbonate. In-gel tryptic digest was performed using reductively methylated trypsin (Promega, Madison, WI). Before digestion, samples were reduced with DTT (10 mM in 50 mM ammonium carbonate for 60 min at 56°C) and subsequently alkylated with iodoacetamide (55 mM in 50 mM ammonium carbonate for 45 min in the dark at room temperature). The digestion reaction was performed overnight at 37°C. Digestion products were extracted from the gel with a 5% formic acid/50% acetonitrile solution (2ϫ) and one acetonitrile extraction followed by evaporation using an APD SpeedVac (ThermoSavant). The dried tryptic digest samples were cleaned with ZipTip (CB18B; Millipore) before analysis by tandem mass spectrometry for protein identification.
The digested sample was resuspended in 10 l of 60% acetic acid, injected via autosample (Surveyor; ThermoFinnigan, San Jose, CA) and subjected to reverse phase liquid chromatography using ThermoFinnigan Surveyor MS-Pump in conjunction with a BioBasic-18 100 ϫ 0.18 mm reverse-phase capillary column (ThermoFinnigan). Mass analysis was done using a ThermoFinnigan LCQ Deca XP Plus ion trap mass spectrometer equipped with a nanospray ion source using a 4.5 cm long metal needle (Hamilton; 950 -00954) in a data-dependent acquisition mode. Electrical contact and voltage application to the probe tip took place via the nanoprobe assembly. Spray voltage of the mass spectrometer was set to 2.9 kV and heated capillary temperature at 190°C. The column was equilibrated for 5 min at 1.5 l/min with 95% solution A and 5% solution B (A, 0.1% formic acid in water; B, 0.1% formic acid in acetonitrile) before sample injection. A linear gradient was initiated 5 min after sample injection ramping to 35% A and 65% B after 50 min and 20% A and 80% B after 60 min. Mass spectra were acquired in the massto-charge ratio 400 -1800 range.
Protein identification was performed with the MS/MS search software Mascot 1.9 (Matrix Science, Boston, MA) with confirmatory or complementary analyses with TurboSequest as implemented in the Bioworks Browser 3.2, build 41 (ThermoFinnigan) (Gallaher et al., 2006) .
Western blot analysis. Equal amounts of mitochondrial protein (20 g/well) were loaded in each well of a 10% SDS-PAGE gel, electrophoresed with a Tris/glycine running buffer, and transferred to a polyvinylidine difluoride membrane. The blots were probed with anti-Cytochrome c oxidase subunit IV (anti-COXIV; 1:1000; MitoSciences), antiPeroxiredoxin-V (1:500; BD Biosciences, San Jose, CA), anti-Vdac1 (1: 500; MitoSciences), anti-collapsin response mediator protein-1 (Crmp1; 1:1000; Exalpha Biologicals, Maynard, MA), and an HRP-conjugated horse anti-mouse secondary antibody (Vector Laboratories) as appropriate. Antigen-antibody complexes were visualized with the SuperSignal West Pico Chemiluminescent Substrate kit (Pierce). Band intensities were determined using the ChemiDoc XRS Gel documentation system and Quantity One software (Bio-Rad).
Respiratory measurements. Mitochondrial oxygen consumption was measured polygraphically using a Clarke-type electrode. 100 g of isolated mitochondria was placed in the respiration chamber at 37°C in respiratory buffer [(in mM) 25 sucrose, 75 mannitol, 5 KH 2 PO 4 , 100 KCl, 0.05 EDTA, 20 HEPES, 5 MgCl 2 , freshly added 0.5% BSA, protease inhibitor (Calbiochem), pH 7.4 with KOH] to yield a final concentration of 200 g/ml. After 1 min baseline recording, mitochondria were energized by the addition of glutamate (5 mM) and malate (5 mM) as substrates. State 3 respiration was stimulated by the addition of ADP (410 M). State 4 o respiration was induced by the addition of the adenine nucleotide translocator inhibitor atractyloside (50 M) to deplete ADP. The rate of oxygen consumption was calculated based on the slope of the response of isolated mitochondria to the successive administration of substrates. The respiratory control ratio (RCR) was determined by dividing the rate of oxygen consumption/min for state 3 (presence of ADP) by the rate of oxygen consumption/min for state 4 o respiration (absence of ADP by addition of atractyloside).
Complex IV/cytochrome c oxidase activity. Cytochrome c oxidase activity was measured spectrophometrically by monitoring change in absorbance (550 nm) of reduced cytochrome C by permeabilized mitochondria. Mitochondria were permeabilized in 0.2 ml of 75 mM potassium phosphate buffer, pH 7.5, at 25°C. The reaction was started by the addition of 0.05 ml of 5% cytochrome c previously reduced with sodium hydrosulfite. COX activity was calculated in nanomoles of oxidized cytochrome c per minute per mg protein and reported as rate relative to the mean rate from vehicle control-treated animals.
RNA isolation and RT-PCR. Total RNA was isolated from rat brain tissue with TRIzol reagent (Invitrogen, Carlsbad, CA). Expression of mRNA for cytochrome c oxidase subunits I, II, III and IV (COXI, COXII, COXIII, and COXIV) were assessed by SYBR Green based real time reverse transcription (RT)-PCR. cDNA was synthesized from 10 g total RNA by reverse transcription using SuperScriptII Reverse Transcription kit (Invitrogen). cDNA was amplified by PCR on a iCycler (Bio-Rad) using Bio-Rad iScript SYBR Green reaction buffer.
Statistics. Statistically significant differences were determined by Student's t test.
Results
Before 2DE, the purity of the mitochondrial prep was assessed by Western blot analysis for expression of subcellular markers in crude homogenate, crude mitochondria, and highly purified mitochondria after density gradient centrifugation. The results of this analysis demonstrated that the Percoll purified mitochondria was not immunoreactive for the nuclear (histone H1), cytosolic (myelin basic protein), or endoplasmic reticulum (calnexin) markers (Fig. 1) .
To facilitate quantitative detection and to maximize identification of changes in the proteome induced by 17␤-estradiol (E 2 ) treatment, isolated whole brain mitochondria were subjected to a Figure 1 . Mitochondrial purity assessment. The purity of the mitochondrial sample was assessed by Western blot analysis for expression of subcellular markers in crude homogenate, crude mitochondria, and highly purified mitochondria (Mito.) after density gradient centrifugation. Antibodies raised against subcellular markers were used to detect mitochondrial antiporin. nuclear anti-histone H1, endoplasmic reticulum anti-calnexin, and myelin basic protein.
The same membrane was stripped with stripping buffer containing ␤-mercaptoethanol and reprobed with subsequent antibodies.
Figure 2. Schematic overview of experimental design. Young adult female rats were injected with E 2 or vehicle control 2 weeks after ovariectomy. Twenty-four hours later, wholebrain mitochondria were isolated and subjected to 2D electrophoresis. PD Quest software was used to match spots and identify expression patterns. Select protein spots were excised and sequenced by LC-MS/MS. (Fig. 2) . The mitoproteome is highly complex, with proteins encoded from both mitochondrial and genomic DNA that undergo posttranscriptional and post-translational modifications, creating a challenge for proteomic analyses. Furthermore, many of the proteins are membrane bound or transiently translocated to mitochondria. One limitation of 2D gels is that only proteins absorbed into the first dimension gel are detectable, which precludes profiling of all mitochondrial proteins and thus is limited to those soluble in the first dimension gel. Because it was not feasible to sequence all resolved proteins, the selection criteria for sequence was based on gel image quantitative analysis of the 2D analysis with the goal of obtaining a broad scope of the proteins regulated and unregulated by E 2 -treatment.
2D-gel electrophoresis LC-MS/MS proteomic analysis
Of the 499 protein spots detected by gel image analyses, a total of 66 protein spots met the criterion for a twofold or greater change in expression relative to control. Of these, 28 proteins were increased in expression after E 2 treatment as measured via fluorescent dye protein staining and imaging analyses. Conversely, 38 spots in the E 2 group were identified as having decreased expression relative to control. For identification by LC-MS/MS peptide sequencing, 37 spots were selected from three categories: (1) E 2 -induced increased (18 spots), (2) E 2 -induced decreased (nine spots), and (3) no change in response to E 2 (10 spots) (Fig. 3, Table 1 ). Of these proteins, several were identified as redundant and several spots did not result in successful protein identification. LC-MS/MS and Mascot database matching resulted in successful identification of 29 different proteins listed in Table 1 . Of the detected proteins, nearly every protein identified localized to mitochondria, thus providing additional validation to the purity of isolated mitochondria used in these experiments. As a negative control, we identified a sampling of proteins unaffected by E 2 -treatment and performed MS analysis on 10 of the conserved spots, yielding the identity of five mitochondrial proteins unaffected by E 2 treatment (Table 1) . Overall, the mitoproteome profile of E 2 treated brain encompassed multiple functional categories.
17␤-Estradiol-induced regulation of mitochondrial proteins
The majority of the identified changes occurred in mitochondrial proteins that regulate cellular energetics represented by the TCA cycle and the electron transport chain (Fig. 4) . Identified proteins involved in cellular energetics that were increased included three of the four subunits that comprise the multimeric pyruvate dehydrogenase complex, two enzymes of the TCA cycle, two oxidative phosphorylation complex I subunits and two ATP synthase F 1 subunits. All three major components of pyruvate dehydrogenase (PDH) [lipoamide ␤ (E1 component), dihyrolipoamide S-acetyltransferase (E2 component), and dihydrolipoamide dehydrogenase (E3 component)] were increased by E 2 -treatment (Fig. 4, Table 1 ). As an indicator of the selectivity of E 2 regulation of the mitochondrial proteome, several identified proteins were unchanged by E 2 including the voltage-dependent anion channel protein 1 (Vdac1/porin) (Fig. 5B, Table 1 ).
Further implicating a regulatory role of E 2 in mitochondrial energetics, the expression of the TCA cycle enzymes aconitase and malate dehydrogenase (MDH) were observed to be upregulated and downregulated, respectively, by E 2 treatment (Fig. 4 , Table 1 ). The increase in expression of a characteristic cluster of aconitase spots was found to be significant by quantitating the spot densities over three gels per condition (Fig. 5A) ( p Ͻ 0.05) .
In addition to the PDH complex and the TCA cycle enzymes, electron transport chain (ETC) enzymes were regulated by E 2 (Fig. 4, Table 1 ). Nicotinamide adenine dinucleotide (NADH) dehydrogenase (ubiquinone) Fe-S protein-2 (Ndufs2) and NADH dehydrogenase 1-␣ subcomplex 10-like protein (Ndufs10) decreased in abundance, whereas NADH dehydrogenase Fe-S protein-1 (Ndufs1) and protein-8 (Ndufs8) were both unaltered (Table 1) . Furthermore, of the subunits that comprise the F1 component of complex V (ATP synthase), both ATP synthase Hϩ transporting F1-␣ and ATP synthase F1-␤, were increased by greater than a twofold change in expression by E 2 treatment (Table 1) . The E 2 inducible increase in F1-␣ and ␤ was specific for these subunits as the F1-␥ subunit remained unchanged (Table 1) . Several proteins on the gel were identified as redundant ATP synthase subunits although many were found at uncharacteristic migration distances and isoelectric points. Other researchers have encountered the same phenomenon, particularly for the highly abundant ATP synthase F1-␣, by 2D gel electrophoresis (Yang et al., 2005) . Brain mitoproteome changes in response to E 2 were not limited to proteins involved in bioenergetics. Changes in glutamate metabolism, reactive oxygen species defense, and chaperone and structural proteins were also detected (Fig. 4, Table 1 ). In the glutamate metabolic pathway, glutamate oxaloacetate transaminase-2 and glutamate dehydrogenase expression were both elevated in E 2 rat brain mitochondria (Fig. 4, Table 1 ). Other proteins of this metabolic pathway were not identified in the current analysis; thus, it remains unknown whether they were coordinately regulated along with these two proteins.
Of the numerous proteins regulating the oxidative balance of the mitochondria, peroxiredoxin-V and manganese superoxide dismutase (MnSOD) were identified in the 2D gel (Fig. 4) . E 2 induced a significant increase in peroxiredoxin-V to 2.5-fold relative expression, as determined by quantitating the spot densities over three gels per condition (Fig. 5A) ( p Ͻ 0.05). In contrast, expression of MnSOD, the other antioxidant enzyme identified in this analysis, was unaffected by E 2 treatment (Fig. 4, Table 1 ). The changes in peroxiredoxin-V expression were subsequently verified by Western blot analyses of isolated mitochondria (Fig. 5C ).
E 2 treatment altered expression of three chaperone and structural proteins (Fig. 4) . Two spots revealed an increase in heat shock protein 60 (Hsp60) greater than a twofold change in expression, whereas one spot indicated decreased Hsp70 levels after E 2 exposure (Fig. 4, Table 1 ). The current analysis demonstrated that E 2 -treatment induced a decreased mitochondrial expression of Crmp1, a member of a family of cytosolic phosphoproteins expressed exclusively in the nervous system (NCBI Entrez gene; gene ID, 1400).
The remainder of the identified changes occurred in four proteins with differing functions. E 2 increased isovaleryl CoA dehydrogenase and decreased 3-hydroxyisobutyryl-coenzyme A hydrolase (Fig. 4, Table 1 ). The implications of changes in these two proteins associated with valine catabolism and two other proteins, stomatin (decreased) and coiled-coil-helix-coiled-coilhelix domain containing protein (decreased), represent novel E 2 mechanistic avenues to pursue. Very few proteins identified indicated extramitochondrial contamination. Only two proteins, brain abundant membrane attached signal protein-1 and myelin basic protein, were found to be likely contaminants and both were found in equal quantities between treatment groups (Table 1) .
To validate the expression changes identified by the 2DE LC-MS/MS analysis, we used Western blot analysis to assess the expression of three identified proteins. The proteins for confirmation included one upregulated, one downregulated, and one unchanged to represent the three expression patterns identified. Consistent with the 2DE analysis (Fig. 5B) , we demonstrated an Proteins were identified by LC-MS/MS from 2D PAGE. All proteins were found to be from rat, and their function and process were identified in the NCBI database. Percentage of sequence coverage is listed. Proteins are also identified as increased by E 2 (1), decreased by E 2 (2), or a less than twofold change in quantity (Ϸ). *As predicted, Rattus norvegicus protein sequence identified is similar to known sequences from other species in NCBI database. MW, Molecular weight; gi, GenInfo protein accession number.
increased expression of peroxiredoxin-V, decreased expression of Crmp1, and no change in expression of porin/Vdac1 (Fig.  5C ).
17␤-Estradiol-induced mitochondrial functional responses
To confirm that the above-identified changes in protein expression were indicative of changes in functional activity, we conducted corresponding functional analyses. Because many of the proteins altered by E 2 -treatment are involved in regulation of cellular energetics, we assessed the respiratory activity representative of the ETC. We first determined the respiratory rate of isolated whole brain mitochondria using glutamate (5 mM) and malate (5 mM) as respiratory substrates. ADP addition to the mitochondrial suspension initiated state 3 respiration. Addition of the adenine nucleotide transporter inhibitor, atractyloside, reduced the rate of O 2 consumption to that of state 4 o respiration, limited by proton permeability of the inner membrane. In vivo treatment with E 2 resulted in a significant increase (35.6%) in the RCR of isolated brain mitochondria (Fig. 6, Table 2 ) ( p Ͻ 0.05 compared with control; n ϭ 6). There was a significant increase in rate of state 3 respiration and no significant difference in the rate of state 4 o respiration in the E 2 group (Fig. 6 , Table  2 ). These data indicate an increased efficiency of mitochondrial respiration rather than an alteration in the coupling of the electron transport chain.
The accelerated movement of electrons down the electron transport chain would be expected to alter the activity of the terminal complex, COX (complex IV). To test this hypothesis, we examined the enzymatic activity of COX. Brain mitochondria isolated from E 2 -treated rats displayed a significant 1.5-fold activity of COX (Fig. 7B) ( p Ͻ 0.01 compared with control; n ϭ 6). The increased COX activity could be the result of modulation of enzymatic activity or to an alteration in expression levels of COX holoenzyme proteins. To determine whether E 2 induced a change in COX subunit expression, we assessed the expression of COX mRNA and protein by real-time RT-PCR and Western blot analysis, respectively. Because the proteomic analysis indicated that E 2 regulated both nuclear and mitochondrial encoded gene products, we assessed the expression of both mitochondrial and nuclear encoded COX subunit mRNAs. The mitochondrially encoded subunits COXI, COXII and COXIII were all significantly upregulated to approximately threefold relative expression in the E 2 -treatment group (Fig. 7A ) (*p Ͻ 0.05 compared with control; n ϭ 6). Likewise the expression of the nuclear encoded subunit COXIV was significantly increased to ϳ2.5-fold relative expression in the E 2 -treatment group (Fig. 7A ) (*p Ͻ 0.05 compared with control; n ϭ 6). Consistent with the increased COXIV mRNA expression, E 2 induced a significant increase in COXIV protein expression (Fig. 7B ) (*p Ͻ 0.05 compared with control; n ϭ 6).
Discussion
We investigated the impact of E 2 on the mitoproteome in brain using 2D electrophoresis with subsequent protein identification by mass spectrometry. Identified changes in mitochondrial protein expression were then correlated with biochemical analyses of mitochondrial enzymatic function. Based on our criteria of a twofold or more change in expression, the results indicated that E 2 significantly regulated key domains of cellular energetics, metabolism, free radical maintenance, and stress responses. E 2 regulation of cellular energetic pathways was evidenced by increased expression of multiple subunits of the PDH enzyme complex. PDH is a key regulatory enzyme linking the glycolytic metabolism to the TCA cycle by transforming pyruvate into acetyl CoA, which can, in turn, be used as a substrate for the TCA cycle. In brain, PDH is further responsible for directing acetyl CoA to either the TCA cycle or to acetylcholine synthesis (Holmquist et al., 2007) . The mitoproteome profile induced by E 2 is reflective of enhanced glycolytic activity (increased aconitase and decreased MDH) coupled with increased glutamatergic turnover (increased glutamate dehydrogenase and glutamate oxaloacetate transaminase-2). The latter can impact generation of neurotoxic free ammonium, as well as direct reduction of excitotoxic free glutamate (Parihar and Brewer, 2007) . Consistent with this finding, E 2 has been reported to increase activity of the key glycolytic enzymes hexokinase, phosphofructokinase, and phosphoglycerate kinase in rodent brain (Kostanyan and Nazaryan, 1992). Together, these findings indicate that E 2 promotes enhanced utilization of glucose, the main energy source for the brain.
Oxidative phosphorylation and proteins within the electron transport chain were increased in expression and activity, a result that was consistent with increases in the glycolytic metabolic pathway. E 2 induced significant increases in both protein expression and activity of complex IV subunits I-IV, a finding consistent with previous reports (Bettini and Maggi, 1992; Stirone et al., 2005) . This E 2 -induced increase is particularly relevant given that reduction in complex IV is an early marker of Alzheimer's (Lin and Beal, 2006) . E 2 also increased expression of ATP synthase F1 subunits ␣ and ␤, which is consistent with our previous report of estrogen-induced increases in ATP levels in primary neuronal cultures (Brinton et al., 2000) . F0 subunits of ATP synthase were not identified, a finding expected because of limitations of 2D gel resolution of integral membrane proteins. In contrast to the increase in complex IV and V subunit expression, E 2 induced downregulation of two subunits of complex I, Ndufs2, and Ndufs10. Complex I is composed of ϳ 60 proteins and downregulation of two subunits with no change in the two other complex I subunits identified in our analysis represents a small proportion of the large enzyme complex and the functional significance remains undetermined. The decrease in complex I subunits notwithstanding, E 2 -induced regulation of proteins composing the ETC corresponds to shifts in mitochondrial function. Increased mitochondrial respiration coupled with increased glycolytic balance is reflective of an enhanced energetic efficiency of brain mitochondria derived from E 2 treated rats.
E 2 -induced enhancement of energetic efficiency is further strengthened by the changes in the free radical defense systems identified in the current proteomic analysis. Increased expression of peroxiredoxin-V is consistent with the well documented antioxidant effects of estrogens (Behl et al., 1995; Ejima et al., 1999; Urata et al., 2006) , including increased glutaredoxin expression (Ejima et al., 1999; Diwakar et al., 2006; Urata et al., 2006) . In contrast to the reported E 2 -induced increase in expression of MnSOD (Pejic et al., 2003; Strehlow et al., 2003) , we did not observe significant changes in the MnSOD protein spot identified in the current 2D proteomic analysis. This may be because of multiple distributions within the gel caused by posttranslational modifications or to selective regulation by E 2 during brain devel- Figure 5 . Quantitative analysis of brain mitoproteome expression patterns. A, Highly consistent protein spots were selected to quantitate expression changes. The characteristic spots representing aconitase (top) and peroxiredoxin-V (bottom) were identified in 2D gels from three separate animals for densitometric measurements. Bar graphs represent mean Ϯ SEM (*p Ͻ 0.05 compared with control; n ϭ 3). B, Peroxiredoxin-V, Vdac1, and Crmp1 were selected to represent upregulated, unchanged and downregulated proteins, respectively, for confirmation of 2DE expression analysis. C, Whole-brain mitochondria from control and E 2 -treated rats were assessed for protein expression by Western blot analysis (n ϭ 4; *p Ͻ 0.05 compared with control). opment (Pejic et al., 2003) or selective E 2 regulation within the vasculature (Strehlow et al., 2003) . Selective regulation of different antioxidant proteins could indicate protection against different oxidative stresses. Free radical balance is maintained by reduction of the superoxide anion to hydrogen peroxidase by superoxide dimutases. The resulting hydrogen peroxide can then be neutralized by various peroxidases, including peroxiredoxin-V (Banmeyer et al., 2005) . Reduction in reactive oxygen species contributes to neuroprotection and can reduce the overall stress response. In this context, we identified significant alterations in the expression of two mitochondrial heat shock proteins, Hsp70 and Hsp60, which are important in the proper import of nascent proteins to the mitochondrial matrix. E 2 regulated both mitochondrial and nuclear encoded gene products, requiring coordinated control of mitochondrial and nuclear encoded gene transcription. Estrogen receptors have been detected in mitochondria (Chen et al., 2004; Yang et al., 2004; Stirone et al., 2005; Yager and Chen, 2007) as well as in the nucleus of neurons (McEwen et al., 2001 ). In addition to classical ERs, membrane sites of estrogen action, which activate the PI3K/ PKC/Src/MEK/ERK signaling pathway, activating CREB (cAMP response element-binding protein), have been identified as required for E 2 -inducible neuroprotection (Zhao et al., 2004; Wu et al., 2005; Mannella and Brinton, 2006) . Although the mechanisms whereby ERs coordinate the complex signaling pathway between three signaling compartments, membrane, mitochondria, and nucleus, remains to be determined, it is striking that ERs are perfectly positioned to coordinate events at the membrane with events in the mitochondria and nucleus. Coordinated action of E 2 and activation of ERs leads to regulation of mitochondrial function and ultimately neural defense and survival.
Overall, the identified mitoproteome profile induced by E 2 in the rodent brain reflects a mitochondrial state that could act as a buffer against mitochondrial functional decline. E 2 increased expression of key components of the PDH complex and aconitase while simultaneously decreasing MDH. This would be expected to result in enhanced coupling between glycolysis and the TCA cycle combined with decreased MDH diverting excess malate outside the mitochondria thereby preventing oxaloacetate buildup. In the cytosol, malate is converted to pyruvate by cytosolic malic enzyme, which re-enters the TCA cycle by PDH conversion to acetyl CoA. We propose that this enzymatic buffer includes a shift toward enhanced glycolytic energy production and a reduction in ␤-oxidation.
In conclusion, within 24 h of exposure in vivo, E 2 significantly shifted the mitochondrial proteome to a profile consistent with a glycolytic driven TCA cycle: increased oxidative phosphorylation, increased ATP synthase, and decreased ␤-oxidation. The mitoproteome profile induced by E 2 was validated by enhanced functional efficiency of the brain mitochondria. Collectively, these data provide a plausible mechanistic rationale for estrogen therapy reduction in risk of Alzheimer's disease and suggest that the E 2 -inducible changes in the mitoproteome or mitochondrial function could serve as potential biomarkers of therapeutic efficacy. Furthermore, E 2 -induced regulation of mitochondrial protein expression and function provides insights into targets and mechanistic strategies to prevent neurodegenerative diseases. Total RNA was isolated from brain after 24 h exposure to 17␤-estradiol (E 2 , 30 g/kg) or sesame oil vehicle control. Expression of COXI, COXII, COXIII, and COXIV mRNA was assessed by real-time RT-PCR. Bars represent mean relative expression Ϯ SEM from six animals per group (*p Ͻ 0.05 compared with control; n ϭ 6). B, Relative expression of COXIV protein and relative rate of cytochrome C oxidase activity. Tissue homogenates were isolated from brain after 24 h exposure to 17␤-estradiol (E 2 , 30 g/kg) or sesame oil vehicle control. Expression of COXIV protein was assessed by Western blot analysis. Bars represent mean relative expression Ϯ SEM from six animals per group (*p Ͻ 0.05 compared with control; n ϭ 6).
